The primary purpose of this work was to develop a parametric tool to ease the generation of two-dimensional airfoil shapes. The present methodology was initially conceived to design turbine blades and therefore' some characteristics of the approach were oriented towards the solution of this specific problem, however, most of the basic formulation is readily extended to the design of other aerodynamic shapes (wings, compressors, etc.). The system combines a CAD oriented methodology, where the user may interactively define the blade by means of control points, with the requirement of producing a highly differentiable curve. Both statements are essentially contradictory since high degree polynomials tend to be extremely sensitive to variations in either its coefficients or control points and therefore not well suited for its direct manipulation. The solution adopted is based on the generation of two chains of highly differentiable Bezier curves where the design is carried out in the downstream direction. A methodology is described to generate low and high turning low pressure turbine airfoils as well as OGV's.
INTRODUCTION
Gas turbine blades are three dimensional objects operating in a complex flowfield. This complexity has given rise to the decomposition of the analysis of the flow in the sum of a series of two-dimensional problems. Depending on the chord to span ratio. this hypothesis is more or less close to the reality, but in any case the usual practice is to design each section as if this hypothesis hold. In a second stage the airfoils are stacked following design rules for the locus of a common point in the sections (e.g. the centres of gravity or the leading edges) and three-dimensional analyses are carried out to verify the aerodynamics and the modal behaviour of each new geometry. The blade-design sequence varies among different engine manufacturers but all of them follow essentially the same philosophy. Usually the two-dimensional design of the sections is carried out as a combination of a direct and inverse method but still the involvement of the designer insight in the process is essential.
Basically two different approaches are possible to parametrise a blade. The first one consists in defining the aerodynamic surface by means of a set of points that in principle may be placed in arbitrary positions. The number of nodes involved in such definition may be high, of the order of several tens, and thus the process of moving those points in order to achieve an aerodynamically reasonable Mach number distribution may be troublesome. The number of available degrees of freedom (d.o.f.) is thus twice the number of points, however, constrains related with a certain degree of differentiability of this discretize curve have still to be imposed over that distribution. Therefore. the number of true d.o.f. is, in practice, less than the expected at the beginning of the process. The final result is that the designer has, either manually or with the help of inverse design codes, to remove those spurious d.o.f. and retain only the relevant ones. Discontinuities in the curvature distribution are prone to occur during this process and the use of inverse methods is needed to help the designer in eliminating spikes in the Mach number distribution. The main advantages of this technique are the lack of restrictions in the placement of the nodes and the easiness of communication with codes with the capacity to perform inverse design. The internal representation of the geometry of such codes is usually based on cluster of points and therefore the commuaication with them takes place in a natural way.
The second approach defines the blade by a set of curves, the problem then is to find a suitable subset capable, not only to represent the desired shape but easily amenable to the user manipulation. It is widely admitted that CAD curves are represented at most as rational polynomials (Nunes). In principle, another set of functions could be used to define the blade inside of our system, however, it is expected that at some stage of the design the geometry will have to be put on a CAD system. If the geometry may not be exactly represented there the potential danger of a loss of accuracy in its representation exists since a fit would be required to translate the geometry from one system to the other. This process of transferring back and forth the approximated geometry from the aerodynamic to the mechanical system takes place several times during its design and may lead to inconsistencies in these iterations. To avoid this uncertainty we have chosen a set of basis functions that are fully compatible with all the CAD systems. The main advantage of this type of approach it is that eases the designer's work since allows him to work only with the physically relevant parameters, as the Major and minor radius of the 1.e., the airfoil throat radius, etc. and forget about the degree of continuity of the resulting curve, that is guaranteed by a proper selection of the basis functions. One of the major drawbacks of this method is that is difficult to combine it with most, if not all, of the present inverse design programs since they internally use either a pointwise defmition of the surface, a prescribed basis of functions, or a mixed of both (Giles and Drela. 1987) . Therefore, retrieving the blade surface upon modification by any of these codes needs an additional effort to make compatible two different definitions of the same geometry.
Early parametric design methods were based on the specification of the airfoil thickness around a camber line (Dunham, 1974) , however, the different nature of the physical phenomena that take place in the suction and pressure sides of the airfoil has promoted the development of methods with independent control of each surface. More recently, Korakianitis, in 1989 , published a series of papers devoted to show the importance of the airfoil curvature distribution in its performances (Korakianitis and Papagiannidis. 1993) and described a potential method to design highly differentiable blade surfaces (Korakianitis 1989 (Korakianitis , 1993a (Korakianitis , 1993b . Firstly he developed a parametric method based on a blending of polynomials of third and fifth order of the form y=f(x), plus an ad/zoo treatment for the leading edge geometry. This region was designed by specifying a thickness distribution that was added perpendicularly to two independent parabolic lines, one for the suction side and one for the pressure side, that passed through the nominal leading edge. The main disadvantage of the method was that the continuity of the derivative of the curvature had to be attained during the design of the blade and, unless special attention were paid to remove slope curvature discontinuities, oscillations in the Mach number distribution might appear. In order to circumvent this problem a second method was devised (Korakianitis and Pantazopoulos, 1993) where the continuity in the slope of the curvature was achieved by means of a set of fourth-order parametric splines of the form x=.r(it) and 3.--you. They found this method expensive in terms of cpu and abandoned the method in favour of a third one (Korakianitis, I993a) . In this approach the blade was defined using three different representations. The leading edge region used the definition described in the first method, the zone of unguided diffusion was represented by a third order polynomial, and in the rest of the blade the curvature was directly specified by means of a Bezier polynomial. Still problems were reported by the author to find a proper curvature distribution for this segment.
All the difficulties encountered in the previous works are due to the high sensitivity of the problem due to the presence of high order derivatives in its formulation. Small modifications in the node positions (of the order of le c) may give rise to modifications on the curvature perceptible in the Mach number distribution. The involvement in the problem of high-order derivatives and the existence in the blade of curvatures with different orders of magnitude is the origin of the difficulty of the problem and the lack of a built-in human intuition for its solution.
In this work we have developed a set of chained G 3 Bezier polynomials where the design is carried out in the downstream direction. The code posses a can oriented methodology and the user may interactively manipulate the control points of each segment in order to achieve the desired shape. The continuity of the slope of the curvature is preserved at any moment. To improve the monitoring of the process a plot of the curvature, the channel width and the Cp, obtained by means of a incompressible panel solution, are displayed in real time. Special attention is paid to control the instabilities originated by the high sensitivity of the problem .to small modifications on the control points. A study has been conducted in order to assess the influence of the curvature in the Mach number distribution.
BLADE CURVATURE: FLOWFIELD INFLUENCE
In order to clarify which should the design requirements of the blading system be a number of subjects must be addressed before. The subject of the manufacturability of the blades should be ideally taken into account at this stage. We will focus mainly however in the aerodynamic point of view and a few comments addressing the subject of the manufacturability will be made at the end of the paper. The first of the questions that needs to be answered is which is the minimum degree of continuity that must hold the analytical representation of the blade. The work of the aerodynamic designer is to produce an aerodynamic shape that yield the desired load minimising the losses and satisfying some mechanical restrictions. The intuition indicates that if the flow remains attached to the wall surface such goal is fulfilled somehow when the aerodynamic surface is as smooth as possible. It is widely admitted that the presence of uncontrolled discontinuities in aerodynamic surfaces is undesirable because they tend to increase the drag through and increase of the boundary layer thickness and may potentially promote or inhibit its transition or separation (Benner et al., 1997) . Therefore is "common sense" that aerodynamic profiles need to be at least C I (i.e. have their slope continuous). It is well known however that in flowtields produced by complex geometries sharp devices may improve the global aerodynamic performance inducing transition or reattachment of the flow by means of complex vortex interactions. This type of gadgets may be clearly seen in aircraft wings to improve the stall behaviour (vortex generators) and in nacelles (fences) to remedy aerodynamic malfunctions due to engine installation effects without provoking a new redesign. In the absence of these complications the aerodynamic designer looks for smooth geometries. It must be stressed however that in certain cases transition is promoted on purpose to delay separation and reduce the total losses.
Theoretical influence
The point then is: which is minimum degree of continuity that a CUIVC must possess in order to produce a smooth enough pressure distribution?. An heuristic answer to this problem may be obtained by writing the momentum equation for an inviscid flow in the intrinsic frame of reference formed, at each point, by the tangent to the local streamline (s)and its perpendicular (n): av
since the blade surface is a streamline we may use Eq. 1-2 to describe the flow in the vicinity of the blade, The main idea is to study the streanuube in contact with the surface of the blade and to estimate the effect of the radius of curvature in the base line pressure distribution (Fig. I) . It must be kept in mind that the . baseline solution depends on global parameters such as the inlet metal angle or the stagger angle, while the perturbations take into account only the local influence of the curvature in the flowfield. One of the basic assumptions is that the perturbations of the curvature about its baseline value on the strearntube are small. In other words, the basic hypothesis is that the modifications of the blade that we are looking at, are so small that their influence on the passage area of the blade are negligible. This is usually the case in the final stages of the aerodynamic design when very small modifications of the blade are made in order to achieve a target Mach number distribution. During this phase the modifications of the blade are tiny, however, significant modifications of the Mach number distribution are still obtained. This behaviour may be only explained by local effects due to curvature modifications since the overall definition of the geometry remains essentially the same. Actually, all the following discussion would be valid as well for a wing section since the actual global geometric parameters do not appear in the formulation.
In first approNimation the streamtube touching the wall may be regarded as a slowly frozen varying duct where the characteristic length in the streammise direction is much greater than in the normal direction and thus the velocity component the direction of the tangent to the midline of the channel. vi, is much greater than the component in the normal direction. v1.
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Therefore the Bemouilli equation (Eq. ), together with the continuity and entropy equations:
as as (5) as = -• form a closed system to determine ;(s). ri(s) and ji(s). We are interested in finding the perturbation of the flow about this mean value due to the curvature of the channel. The solution of this problem may be split in a base solution that satisfies Equations I, 4-3 and it is assumed to correspond to the mid-section of the channel, plus a small perturbation that takes into account curvature effects and variations in the spanwise direction. In this case .
where the bar denotes the base values and the tilde the perturbation due to the curvature effects. In the the rest of the section it is assumed that ; « 5 « 1 3 and P « • It should be stressed at this point that the hypothesis that the curvature driven perturbation are much smaller than the base values is strictly valid only for subsonic flow regimes. Thus, assumming that the perturbations are small, substituting Eq. 6-8 into the normal component of the momentum equation, neglecting second order terms and integrating we obtain:
where the third term of the r.h.s. is an integration constant that has to be zero if we want to match the mean value of the pressure at the midsection of the streammbe (n=0). Thus, the perturbation of the pressure in the normal direction is small provided that:
where 8" is the characteristic thickness of the strearntube or the equivalent duct. In the incompressible limit the aforementioned condition is no longer valid and should be substituted by:
If we insert Eq. 6-9 into Eq. I, and assume that the perturbations satisfy that the total pressure and the total temperature are constant, it is possible to find a closed form for the perturbation of any of the independent variables. This equation is of the form: exists the possibility that the first term of the r.h.s. be of the same order of magnitude than the zero order terms if the derivative of the radius of curvature with respect the arc length is very large. In this case Eq. 12 reduces to: _&i 1 ap 17 2 n aR ,
as T5 as R R as
The condition that l3 7 2 n aR is R R as is equivalent to impose that te=M 2 --2-1 5 «I.
where $R and sp are the distances in which the pressure and the radius of curvature change of the order of themselves. In the suction side pressure variations occur in distances of the order of the chord, while discontinuities in the radius of curvature may well take place in a small fraction of it, z. therefore situations in which Eq. 14 holds are easily encounter. Likewise in the leading edge we find a very similar situation. In this case the changes in pressure and radius of curvature take place in a much shorter distance, but the problem is the same. In this region is more difficult however to detect such discontinuities due to the presence of high gradients and the lack of enough resolution in the computations.
Experimental and Computational evidences
Experimental evidences of the effect of curvature discontinuities on the pressure distribution are difficult to find due mainly to the lack of enough measurement resolution in the region of interest. However, Hodson (1985) experimentally detected the presence of a leading edge spike due to a curvature discontinuity in the blending point between the circle that defines the leading edge and the rest of the blade. He admitted that the detection of this spike was fortuitous since it was not possible to detect it in all the cases, even for the same operating conditions. Computational experiments confirmed the existence of this overspeed region (Fig. 2) . Experimental works (Benner et al.. 1997) have acknowledged the need to take into account the leading edge wedge angle to account for leading edge losses at olT-design conditions. Curvature discontinuities at the leading edge have a more severe impact in performances at offdesign conditions since one of the discontinuities takes place in a region of higher velocity. In case of positive incidence the discontinuity of the suction side will be in a region of higher velocity while if the incidence is negative, on the contrary, the same will be true for the pressure side. Benner et al. (1997) concluded that the leading edge wedge angle must be maximised in order to reduce the penalty in performance due to the blending point discontinuity.
This conclusion is implicit in Eq. 13. In first approximation the velocity distribution on the blade may be approximated in the stagnation point region as:
where RI, . is the radius of curvature of the Le.. U_ is the local velocity upstream of the I.e. and s is the distance measured from the Figure 2 : Mach number distribution of a blade profile defined as the blending of a I.e. circle and a cluster of points (Hodson and Dominy, 1987 ) and a redesign of it. A spike in the Mach number distribution is seen in the original blade and eliminated in the new geometry.
stagnation point. If we compare the relative values of the convective term and the correction for the variation of the curvature, it is seen that the former is proportional to s while the later is proportional to s 2 . Thus the shorter the distance from the discontinuity to the leading edge the less its influence in the pressure distribution. At off-design conditions one of the discontinuities is located farther away from the stagnation point and its effect is more clearly seen in the Mach number distribution. The effect of discontinuities in the slope of the curvature in the suction side of a turbine blade has been studied by Koriakinitis and Papaginidis (1993) . They made some computational experiments and showed that the curvature and the Mach number distribution behave qualitatively in the same way, and that the discontinuities in the slope of the curvature were directly translated into the Mach number distribution. Its simulations and ours are consistent with Eq. 13 as will become clear in the next paragraph.
Let us assume that at the section I of the streamtube (see Fig. 1 ) the pressure in the mean section is pi and the local radius of curvature is RI , Equation 2 says that above the mid-line of the streamtube. at r = R1+512. the pressure is slightly higher, while on the contrary, below, at r = R,-8d2. is slightly lower. Let us suppose that at a second station. s2, the local radius of curvature has changed from RI to ft:, with R2 <R 1 . In this case the effect of)? is to produce an adverse pressure gradient. and therefore a local deceleration, from A to B, and a favourable pressure gradient, and thus a local acceleration. from C to D (see Fig. ) . Since this strearntube is in contact with the blade, to understand what is occurring on the surface we should concentrate in CD, if we are interested in the suction side, and in AB, if we want to interpret the pressure side.
Therefore if we increase K , at the suction side we provoke a local expansion and the flow is accelerated, while if we do the same at the pressure side we get the opposite effect, a compression and a subsequent deceleration of the flow. Finally, it is interesting to note that the pressure side is much less sensible to curvature variations than the suction side, this is due to the lower Mach numbers that are encountered in this region. All this physics is contained in Eq. 13, in fact it is easy, making use of the hypothesis that the streamtube . varies slowly, to derive an equation for the derivative of the perturbed velocity that confirms the previous reasoning. Discontinuities in the slope of the curvature may be detected as (13) (14) yell in the leading edge, however due to the existence in this area of high Mach number gradients and usually less grid resolution, they are harder to see. Koriakinitis (1993b) displays a case were one of such discontinuities may be found in the I.e. region. The conclusion from all the discussion is that it is necessary to keep at least the continuity of the slope of the curvature of thc blade, i.e. the curve must be of class G. in order to get rid of undesired anomalies in the Mach number distribution over the blade
BLADE PARAMETERS
The blade design sequence depends on global constraints of the component that typically impose: the velocity triangles at the inlet and outlet of the blade, or the gas angles, the number of blades, or the blade spacing, and their axial chord. All together fix the incompressible limit of the lift coefficient. The surface diffusion in the unguided part of the blade is controlled by the amount of turning after the throat. The proper value for each individual blade is based on empirical correlations but the designer has still some freedom in its choice. The inclination of the blades with respect to the axial direction, the stagger angle. X, is a major choice for the designer and controls the overall shape of the blade. The trailing edge thickness is determined by manufacturing constraints and is usually fixed dining the design process. The throat area is an important parameter over which the designer tries to keep some control as well. If the blade is choked, the throat controls the mass flow, otherwise the throat radius determines the maximum Mach number on the blade. Finally the leading and trailing edge geometry are defined by their wedge angles, wr. tv2 and we, and their local radii of curvature, a, b and rt,.
These parameters are intended to control the flow in the leading edge region and are defined during the design sequence.
Once that all the previous parameters have been defined it is possible to specify the position and the slope of the limiting nodes of the leading edge with the body of the blade, the geometric throat position and the trailing edge (see Fig. 7 ). All these data are derived just from the information contained in the twelve aforementioned parameters and that are sketched in Fig. 3 . The axial chord is an extra parameter that is only used to scale the geometry and set the Reynolds number.
CAD CURVES BACKGROUND
Once the position and the slope of a certain amount of nodes have been fixed from the basic information provided by the designer, it would be desirable to built a set of polynomials that not only satisfy the aforementioned conditions but that automatically warrant that the resulting curve is three times differentiable with respect to the arc length (i.e., is a curve of class G 3 ). Usually the designer is not interested in knowing the precise values of the curvature and its derivatives and therefore it is expected that this information be provided as a subproduct of any method. Several approaches are possible in order to obtain a polynomial representation of a curve that fits a number of points (set Farin, 1992 , for a review of different methods as well as for a review of CAD curves). The first decision that has to be taken is whether a global representation (i.e. a unique function extending accross the whole domain is used to represent the geometry) or a local approximation (i.e., a set of interconnected curves) is desired. Global approximations of complex shapes need of a prohibitively high degree of the approximating polynomials in order to accomodate all the details of the geometry The most interesting feature is that the so-called control points, F, are directly related with the values of the derivatives at the end points of the curve (see Fig. 4 ). PO and PI control the slope at PO and PO, PI and P2 fix the value of the second derivative at PO. When used in a CAD system PI and P2 are used to control the shape of the curve to match a prescribed geometry but not to assign the second derivative (or the curvature) to the end points.
The Hermite form of a polynomial relates in a direct manner the polynomial coefficients with the values of its derivatives at the end points:
= Him (u). aw(0)+ H",,,,,.. (a).
(I )
Equation 19 sketches the Hermite representation of a polynomial of degre n, (n is assumed to be even and m=(n-1)/2) defined by the values of its derivatives at the end points, &o(0) and aw(l).
However this representation is of limited help to the designer since, apart from the position and slope at the end points, this has little intuition about the influence on the geometry of the blade of the higher order derivatives.
A pth-degree B-spline curve is a quite generic form of defining a piecewise polynomial curve and may be expressed as: It is important to remark that the 8-spline basis functions extend across different knots. This means that the lower the degree the fewer the control points that are contributing to the computation of C(u0) for any given uo and the closer the 3-spline curve follows its control polygon. The extreme case is p=1, for which every point of the curve is just a linear interpolation between two control points (Fig. 5) . It is worth noting as well two properties: 1. If n=p then CO) is a Bezier curve 2. C(u) is infinitely differentiable in the interior of the knots intervals and is at least p-k times continuously differentiable at a knot of multiplicity k. At this point we can make a brief summary of the status of the problem. On the first hand we have acknowledged the need of a basis of curves of class at least G 3 in order to satisfy a very stringent requirement on its differentiability, on the second hand we have found a family of curves, the B-splines, that could in principle satisfy this requirement, but that has little control to the precise location of the points. A subset of the B-spline family, the Bezier curves, has been found to be optimal from the point of view of geometric modelling but lacks of enough flexibility to handle complex shapes. The concept of Bezier is related with a single polynomial and therefore may not deal with arbitrary geometries. Several Bezier polynomials may be easily put together to form a curve of class G I , but its extension to curves with a higher degree of continuity is not straight forward.
CHAINED G 3 BEZIER CURVES
In order to overcome the aforementioned limitations a set of 4 th order G3 chained Dealer curves was developed. It was decided that each piece of the spline needed to be, at least, forth order to achieve a 03 continuity at each breakpoint and still leave two degrees of freedom to the designer to accommodate the desired geometry. We need to specify the coordinates and the slope of the curve at the beginning and the end of each segment (six restrictions). To circumvent the problem of the solution of a global system of non linear equations where all the segments are interrelated, we have made some simplifying hypothesis that ease its solution and at the same time are convenient for this specific problem. We have assumed that at one of the end points of the spline. K and K' are known. In other problems this may sound as a very weird condition, but if we are thinking in designing blades these constraints may be quit natural if this particular knot is the stagnation point of the blade at its design condition. At this point we would like actually to impose that r vanishes, because of the local symmetry, and that K is the inverse of the radius of curvature at the I.e. The latter is a natural condition at the stagnation point since it has a strong influence in the off-design behaviour and the global shape of the blade, We may then anticipate that we are using two chains of Hazier curves, one for the suction side and one for the pressure side, both of them are supposed to begin in the stagnation point for the design condition.
Once Po, P4, their slopes, Ko and ro are selected (see Fig. 6 ), the designer may arbitrarily place PI and P3 to obtain the desired geometry in that area. The position of the control point 1 32 is automatically derived for the designer from the prescribed data for the first segment since already ten constraints have been imposed for this curve. It is important to remark that the rest of the successive segments do not play any role in the determination of the position of P2. At this instance K4 and Ji", are known and the same process may be repeated with the second segment. Hence there exists a design direction in the sense that any modification in one segment does not affect the curves located upstream in the same way that the local properties of a boundary layer behaviour are weakly influenced by anything that takes place downstream of that point. The designer then begins trying to set a proper configuration in the I.e. region and then proceeds downstream. During the process of adjusting the last segment of the suction side in order to tune the pressure gradient in the unguided part of the blade, all the preceding segment are not influenced by this manipulation, what is a interesting property from the point of view of the designer: When it is detected that the desired behaviour of the pressure distribution may not be attained this usually means that the designer has to come back upstream to fix fast the previous curve. The design of a blade starting from scratch, (i.e., an arbitrary initial shape) may be troublesome since all the segments are affected by the modifications of the first one. This is not a real problem in practice since usually the aerodynamic designers start form a previous design. However in order to alleviate this problem a catalogue of blades is provided with the program to help the designer in the initial stage of the design if no other data are around. A similar approach was attempted by Korakianitis and Pantazopoulos (1993) . They developed a binding system based in fourth order polynomials. However, in our opinion its method overspecified the number of restrictions at the blend points since instead of using Eq. 22 they imposed: = (25) these are two conditions more than needed, since matching the derivatives of two functions with respect an arbitrary parameter is somehow artificial in the sense that the intrinsic properties of the curve (e.g., the arc length, the curvature, etc.) are not involved; and in fact a reparametrization of the curve may produce a different splint As a result of the overspecification of boundary conditions in the breakpoints two doll per segment are lost and therefore the number of curves required to specify a certain geometry had to be increased in their %York. Koriakinitis ( I 993a) himself judged this method with criticism, mainly in terms of cm: time, and developed a new one. We believed that our method is faster since we do not have to iterate a coupled system of non-linear equations for all the curves because our method works in a segment by segment basis,
Geometric blade definition
The blade is represented by means of two chains of G 3 Hazier splines that are supposed to begin at the stagnation point for the design condition (see Fig. 7 ). The suction side is always represented by three curves while the pressure side may be alternatively defined by only two. The reason for that is to reduce the number of doll of the designer. Our experience is that in many cases one segment for the pressure side is enough to adjust the desired pressure distribution. However when the blades are very thin it is necessary to have the same number of curves at both sides in order to produce two quasi-parallel surfaces. The position and the tangent to the blade of all the break points are inferred from the twelve basic parameters that defme the blade. Besides the designer has two d.o.f. per segment to fine tune the blade. The appearance of the blade is very sensitive to the modification of the I.e. control points and in this program they are preset for the designer and thus, the only d.o.f. left at the I.e. are the major and minor axes of the ellipse that mimic the Bezier curves and the wedge angles. The point P2 is special since it is forced to be at the throat of the blade and hence is over a circle of prescribed radius, r th, that is tangent to the point P2 and the knot Po of the adjacent blade.
THE DESIGN TOOL
The described chains of G 3 Bezier curves are integrated in a GUI where the designer may interactively modify the blade shape through both the global geometric parameters and the control points. To ease the understanding of the modifications and to guide the design in the right direction, not only the blade shape is displayed in real time but the curvature distribution, the channel and blade thickness and a incompressible panel solution. In this way not only the expected pressure distribution is automatically obtained but the position of the stagnation point at the design condition that is an important parameter for the designer. At this stage a preliminary study of the expected off-design behaviour of the airfoil may be conducted with the incompressible panel method. The use of inverse design programs at this phase of the design is not required since the pressure distribution obtained by this method is smooth and the elimination of spikes is not needed. Upon the completion of this process more sophisticated 21) tools may be used to complete the design of the blade sections. At this stage the design is already close to the final one and just some minor modifications need to be done. With the aim of dealing with the design of outlet guide vanes. OGV. the throat condition for the knot P2 had to be removed. The reason is that OGV's have negative stagger angles and behave as a compressor blade. In this problem the throat condition does not make any sense anymore and a new condition needs to be imposed. At present we use a third order interpolator between the I.e. and the t.e, then the user specifies the location, in percent of the axial chord, of the P2 knot. Other policies include the specification of the point where the maximum thickness is required. This condition has proved to be quite useful in the design of this type of components.
It may be argued that since this approach has in principle fewer d.o.f. than the pointwise approximation the designer remains all the time inside a more limited universe and therefore may miss a more optimal solution. We believed that this is not true unless we face a completely new aerodynamic concept that could not be represented within the present approximation. This could be case if we introduced grooved surfaces, fins or any other new idea in the aerodynamic design. Otherwise, our experience is that we have been able to trace all the "classical" aerodynamic shapes that we have found and improve them. The redesign shown in Fig. I , for instance, decreases 5% the losses compared to the original design just by changing the I.e. geometry. The explanation to this behaviour is that there are not as many d.o.f. in the poinnxise definition as the user believes. If we tried to solve numerically the problem of designing a blade imposing that the slope, the curvature and the slope of the curvature are continuous at each point, we would have more that three constraints per point while the number of d.o.tl are only two per knot. This means that in practice these conditions are not imposed at each node but only in a few of them. In other words there are less useful d.o.f than the user believes. In fact if we design a blade in a point wise manner and we plot its curvature there exist discontinuities on it. Actually, the distribution may only be considered continuous if we think in the blade as a mean, clean 35 -5 ''.• -..... Figure 9 : Comparison of the blade profile of Hodson and Dominy (1987) to a similar profile with a modified leading-edge geometry.
shape plus some roughness originated during the process. However this may not be important from a practical point of view, since all these details are hidden by the manufacturing process.
Manufacturabilitv
It would be convenient at this point to say a few words about the manufacturing process since this is a subject of big controversy. It is obvious that does not make sense to design blade details that either may not be manufactured or that its manufacturing cost is not reasonable. The main concern is whether the accuracy required for the blade surface from the aerodynamic point of view may be attained in practice. First of all it should be understood that only the strong interest in this subject and not our knowledge on it justify here the presence of this brief reference.
Firstly it would be fair to say that in the current manufacturing systems there is not any explicit mechanism to control the curvature of a general shape. Computer numeric control (CNC) machines position the tool in a digital manner with a precision of the order of lum or less. The commands of CNC machines are ultimately reduced to the machining of lines and circles of prescribed radius between two points. The accuracy with which splines may be reproduced in practice in this process is therefore very high. However, the profile tolerance band that the manufacturer is able to offer at a reasonable price is of the order 0.1 mm (typically 0.2-0.5%c) while roughly speaking the final surface finish is between 20-30 pm. It is important to recall that surface roughness includes waviness due to the edge of the tool, the effect of the vibration of the whole assembly during the machining process etc. therefore, the wave length of the perturbations with the largest amplitudes (the ones associated to the band tolerance) with respect to the nominal geometry are of the order of the chord. This means that apart from the oscillations in the surface due to the surface finish, that have a very short wave length compared with the chord of the blade, there is not another source of short wave length perturbations. The origin of the lack of precision in the piece is related somehow with the lack of an efficient global positioning system in the machining process and tend to produce long wave lengths. Furthermore, production blades are usually manufactured by casting. The mould is normally machined, polished and tuned. None of this operations introduce short wave lengths in the process. At most there may exist a shrinking of the piece during the cooling process. This phenomenon is controlled by the Poisson equation and may not be expected that introduce short wavelengths. Therefore although the band tolerance of the piece may be high. The shape of the perturbation has long wavelength and its impact in the curvature of the blade, although uncontrolled, is not catastrophic. The conclusion is that it is possible to find in the blade the footprints of design details whose amplitude is in between the profile tolerance band and the finish surface tolerance. The aerodynamic designer has to rely in an approximate reproduction of these details since there exists only and indirect control over them, not by means of tolerance bands but through the monitoring of the manufacturing process.
APPLICATION EXAMPLES •
We have designed with the present method a number of LPT section blades and we have been able to match designs made in a pointwise basis. We have traced as well several HET designs. The results shown in Fig. I have been obtained by tracing the original data of the blade from Hodson and Domini 0987) and modifying locally the leading edge trying to keep the rest of the blade unaltered. Both blades and a detail of the Le. are shown in Fig. 9 . The definition of the Le. circle of the original blade may be easily distinguished. In this case is specially difficult to match the original geometry because there exists a strong discontinuity at its I.e. The elimination of the spike in the Mach number distribution in the I.e region in the new design is clearly seen in Fig. I . A typical curvature distribution obtained with this method is shown in Fig. 8 . It is important to highlight the smooth transition from the I.e. region, with very high values of the curvature, to the nearly flat areas of the suction side. This behaviour may not be obtained when leading edge circles are employed in the definition of geometry. Some times the designer is interested in tripping transition by means of a small discontinuity. This feature may also be achieved with this method since, although the curves are built with the aim of keeping the slope of the curvature continuous, the curve in practice may behave as if it were discontinuous if there exists a region where K' is very high. In practice the concept of continuity is related with the characteristic length of the problem. We may produce G 3 curves that in practice behave as discontinuous when they are regarded in terms of the chord length. The figure 10 depicts the curvature of two nearly identical blades. In one of them a "discontinuity" in the curvature has been created to trip transition. It may be observed that this discontinuity is local and does not alter the rest of the blade, in fact both sections, not shown, may not be distinguished by the eye. The effect on the Mach number distribution of discontinuities on the slope of the curvature has been previously reported by Korialcianitis and Papagianidis (1993) . In order to asses their conclusions a special effort has been done to relax the degree of continuity of our system. The test has been done with an OGV section. We have tried to match both geometries in the section of the discontinuity at much as possible. However it is clear that is not possible to match the rest of the blade with the present constraints. In any case a bump in the inviscid Mach number distribution due to the lack of continuity in the slope of the curvature is clearly seen (Fig. 12) . The iriviscid solution has been obtained with the M3SES code (Giles and Drela, 1987) . The detail of the curvature distribution in both blades is depicted in figure 12 . The conclusion is that discontinuities in the slope of the curvature are detected in the solution. Moreover, this case is highly transonic but the perturbations in the pressure side are confined to this region and are not detected in the pressure side. In this case the ratio pith to chord is 1.2.
The figure 13 shows a draft of four LPT blade sections designed with the present method and their corresponding Cp distributions obtained with an incompressible panel method. The ability of the system to generate thin blades typical of tip LPT blade sections with two splines a the pressure side (top) and thick OGV sections designed to pass service pipes through them (bottom) has been demonstrated. Furthermore, the capability of the method to produce front or aft loaded blades is shown in the two mid-rows of the figure 13. The capacity to display in real time the Cp distribution of the blade has proved to be an unvaluable tool for the designer to control the Mach number distribution in the preliminary phase of the design. 
CONCLUDING REMARKS
A brief review of the different alternatives to perform twodimensional blading has been done. Special attention has been paid to determine the minimum degree of continuity that the surface blade should hold to have acceptable aerodynamic performances. The conclusion is that the resulting curve should have the slope of the curvature continuous. Theoretical, experimental and computational evidences have been given to back this idea. During the process of finding theoretical support for the need of highly differentiable curves we have come across with a simple equation (Eq. 13) that seems to contain most of the physics needed to explain the sense of the blade modifications and that directly relates the curvature with the Mach number distribution. This relationship has been known for a long by the aerodynamic designers but we have not been able to find a proper reference to it.
We have developed chains of G 3 Bezier polynomials that have been conceived to design aerodynamic surfaces in the downstream direction. The position and slope of the break points is controlled by twelve blade parameters. Still is possible to fine tune the blade by means of two additional d.o.f. per segment. In order to guide the design a GUI has been developed where the blade shape, its thickness and curvature, the streamline that reaches the stagnation point and the incompressible Cp distribution are displayed in real time. The result is a powerful, very fast, direct tool to perform 2D blading. During the design of this tool the authors have been focus in the design of LPT blade sections, however we have been able to reproduce with high accuracy HPT airfoils with the current system as well. The design of compressors blades have not been attempted by the authors, but we believe that with minor modifications the method could be readily extended to the 21) design of compressor blades. 
